Introduction
============

The advantage of self-renewability and the unique characteristics of stem cells associated with differentiation, regeneration, remodeling, and replacement of diseased tissues make them perfect candidates for use in regenerative medicine. Recently, mesenchymal stem cells (MSCs) isolated from diverse sources[@b1-ijn-12-3235]--[@b3-ijn-12-3235] have been considered to be one of the best choices of stem cells for cell-based tissue engineering.

The interaction of stem cells with their adjacent microenvironment is the basic element of all cellular processes.[@b4-ijn-12-3235] Properties of the in vitro cell culture substrate provide a dynamic microenvironment as well as the morphological cues suitable for stem cell proliferation and differentiation. The most novel protocols of stem cell culture are based on culturing the cells on polystyrene-coated plastic surfaces in the presence of suitable media. These culture conditions are different from the 3D niche that stem cells occupy in the body, a soft microenvironment formed by different components including the extracellular matrix (ECM) (along with its mechanical properties), cell--cell interactions, and secreted factors. Advances in nanotechnology have yielded synthetic bioinspired materials that create new controllable microenvironments for stem cell growth, proliferation, and lineage-specific directed differentiation.[@b5-ijn-12-3235],[@b6-ijn-12-3235] Carbon nanotube (CNT), an allotropic form of carbon, is becoming an increasingly attractive material as it can be modified by functionalization and used as scaffold material for promoting tissue regeneration and stem cell therapy because of its remarkable mechanical, optical and electrical properties.[@b7-ijn-12-3235]--[@b10-ijn-12-3235] Recently, it has been shown that CNT-based scaffolds promote the proliferation and lineage-specific differentiation of human and rat MSCs.[@b11-ijn-12-3235]--[@b19-ijn-12-3235] Successful differentiation studies of human embryonic stem cells have also been carried out using CNTs as scaffold materials.[@b20-ijn-12-3235]--[@b22-ijn-12-3235] CNTs are also currently being used in other biomedical applications, such as cell tracking and labeling, nanosensors, and controlled delivery of drugs and bioactive agents.[@b23-ijn-12-3235],[@b24-ijn-12-3235]

Physiologically and genomically, disease presentation, clinical symptoms and behavioral traits of the dog (*Canis lupus familiaris*) are more similar to those in humans compared to other animal models.[@b25-ijn-12-3235] A number of research reports have proven that dog is a potential animal model for clinical trials of human drugs, suggesting that this species could be a suitable model for experimentation in human regenerative medicine.[@b26-ijn-12-3235],[@b27-ijn-12-3235] Moreover, this species has gained a major role in veterinary medicine. Multipotent MSCs have been established from various canine-derived sources, such as adipose tissue, umbilical cord components, and bone marrow.[@b28-ijn-12-3235]--[@b33-ijn-12-3235] The therapeutic potential of canine MSCs has also been established in veterinary medicine.[@b34-ijn-12-3235] Additionally, an advantage of using the canine model is the possibility of performing MSC transplantation in large-sized animals.[@b30-ijn-12-3235] Tissue engineering-based evaluations of different nanomaterials, such as nanomorphous calcium phosphate, hydroxyapatite, chitosan, and alginate hydrogel, have been carried out in canine models.[@b35-ijn-12-3235]--[@b38-ijn-12-3235] However, very limited work has been conducted on the use of CNTs as scaffold components in canine models, such as the Madin-Darby Canine Kidney epithelial cell (MDCK) attachment study on multiwalled CNT (MWCNT)-incorporated poly(*N*-isopropylacrylamide) (PNIPAAM) hydrogel, primary canine chondrocyte proliferation on aerogel network of CNTs, and use of CNT-coated stent as delivery vehicle, to describe a few.[@b39-ijn-12-3235]--[@b41-ijn-12-3235] The recent elucidation of accelerated in vitro osteogenesis of human preosteoblasts and murine ESCs on carboxylated CNT-coated coverslips followed by ectopic bone formation in a rat model has opened up the window of continuing further investigations on CNTs in other models.[@b42-ijn-12-3235]

Considering the potential importance of CNTs as a scaffold material in human and veterinary medicine, it is necessary to achieve further development in the field and attain new knowledge. In this study, a population of cells has been isolated from canine bone marrow and characterized to confirm them as MSCs. These cells were cultured and made to differentiate in vitro on CNT thin film scaffolds prepared in the laboratory. This study provides fundamental information on the collective cellular behavior, cytocompatibility, and differentiation of canine bone marrow-derived MSCs on a CNT substrate. Our approach is therefore believed to demonstrate the possibility of utilizing the CNT substrate as a potential scaffold component for the proliferation and differentiation of canine MSCs, with the future perspective of an alternative cellular model in regenerative medicine.

Materials and methods
=====================

Isolation and characterization of canine MSCs
---------------------------------------------

Bone marrow was obtained aseptically from the iliac crest of healthy beagle dogs (*Canis lupus familiaris*) under anesthesia with informed consent of the owners and by following the safety compliances of the Institutional Animal Ethics Committee (IAEC) of the Indian Veterinary Research Institute, which has the approval of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) under the Ministry of Environment, Forests and Climate Change, Government of India. The mononuclear cell fraction was isolated from red cells by density gradient centrifugation over Histopaque-1077 (Sigma, St Louis, MO, USA). The cells were plated at a density of 10^5^ cells/cm^2^ in tissue culture flasks (Nunc, Germany) in Dulbecco's Modified Eagle's Medium (DMEM)--low glucose (LG) supplemented with 15% fetal bovine serum (FBS), L-glutamine (2 mM), penicillin (100 U/mL), streptomycin (100 µg/mL), and amphotericin B (0.25 µg/mL) (all from Gibco, USA) at 37°C in a humidified atmosphere of 5% CO~2~. Cells were serially passaged upon reaching 70%--80% confluence by detaching with 0.25% trypsin--ethylenediaminetetraacetic acid (EDTA) (Invitrogen, USA). Canine MSCs used in this study belonged to passage 4. Cells were confirmed to meet the minimal criteria for defining multipotent MSCs by characterizing the morphology, plastic adherent property, immunophenotyping of pluripotency markers (octamer-binding transcription factor \[Oct\]3/4 and Nanog), MSC-specific surface markers (+ for cluster of differentiation \[CD\]73, CD90, and CD105 and -- for CD45), and the ability for multiple-lineage differentiation in vitro.

Fabrication and characterization of CNT thin films
--------------------------------------------------

Carboxylic acid (COOH--)-functionalized single-walled CNTs (SWCNTs) (Sisco Research Laboratory, India; diameter 1--2 nm, length 0.5--2 µm), MWCNTs (Sigma, USA; diameter 9.5 nm, length 1.5 µm), and polyethylene glycol (PEG)-functionalized SWCNTs (Sigma, USA; diameter 4--5 nm, length 0.5--0.6 µm) were dispersed separately in analytical grade ethanol (0.1 wt%) using a probe sonicator (23 Hz) for 1 hour, followed by a bath sonicator (40 Hz) for 4 hours to ensure optimum homogeneity. The suspension was centrifuged at 800× *g* for 5 minutes to separate large agglomerates present, if any. Round coverslips (14 mm diameter) were precleaned with piranha solution, autoclaved, and preheated (45°C) prior to preparing thin film scaffolds by spraying the homogenized suspension of CNTs onto the coverslips with an air brush. The scaffolds were allowed to air-dry and sterilized by ultraviolet (UV) irradiation prior to cell culture. For visualizing the surface topography of the scaffolds, we used field emission scanning electron microscopy (FESEM) (Carl Zeiss, Germany) at an accelerating voltage of 10 kV with varying working distances and magnifications; and atomic force microscopy (AFM) (Park Systems, USA) using a silicon cantilever probe in tapping mode.

Cellular behavior study
-----------------------

### Cell spreading area

Cells were seeded on control and CNT substrates at a low density and maintained in standard DMEM mentioned previously. Optical microscopic images were captured at regular intervals, and cell morphology was also studied. The spreading area of cells, chosen at random from different fields of each group, was measured using ImageJ software (National Institutes of Health).

### Scanning electron microscopy (SEM) of cell morphology

High-resolution Electron Probe Microanalyzer (EPMA; Jeol, USA) was used to visualize the cellular morphology at the submicron level. CNT films with cells were fixed with 4% PFA for 1 hour followed by secondary fixation with 1.5% osmium tetroxide for 1 hour. Samples were then washed thoroughly in PBS and dehydrated in a graded ethanol series in a stepwise fashion (30%, 50%, 70%, 90%, 95%, and 100% for 15--30 minutes each) and subjected to critical point drying overnight using hexamethyldisilazane (HMDS) under a fume hood. Specimens were sputter-coated with gold--palladium and imaged at an accelerating voltage of 10 kV at different magnifications.

### Immunocytochemical analysis

Cells were seeded on control and CNT films at a low density and maintained in standard DMEM. On Day 4, the cultures were fixed with 4% paraformaldehyde (PFA), washed in phosphate-buffered saline (PBS), permeabilized with 0.25% Triton X-100 in PBS, and blocked with 2% bovine serum albumin (BSA) for 1 hour. Cells were immunostained for filamentous actin filaments using Alexa Fluor^®^ 680-conjugated phalloidin (1:10; Invitrogen) overnight at room temperature, and after washing with PBS, the coverslips were mounted on glass slides with 4′,6-diamidino-2-phenylindole (DAPI) ProLong^®^ Gold antifade solution (Invitrogen). Images were captured using an inverted fluorescence microscope (Carl Zeiss) with Axio Vision 4.0 image analysis system.

Studies on cytocompatibility of CNT films
-----------------------------------------

The cytocompatibility of the CNT substrates was assessed by three different experiments. Sterile CNT films were carefully placed inside 12-well tissue culture plates. Cells cultured in the wells without any films were considered as control. Standard DMEM was used to culture the MSCs at passage 4 (P4) for all the experiments, and the plates were maintained for up to 6 days in an incubator at 37°C in a humidified atmosphere of 5% CO~2~. Media were replaced on the third day of culture.

### Cell proliferation study

Cells were seeded at a plating density of 1×10^4^/cm^2^ on the control and CNT substrates. The number of metabolically active cells was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Invitrogen kit) on Days 2, 4, and 6 of culture as per the manufacturer's protocol. The experiment was done in triplicate.

### Relative expression of apoptosis-associated genes

Total RNA was harvested from the cultured cells on Days 4 and 6 using TRIzol^®^ reagent (Invitrogen) following the manufacturer's instructions. Total RNA was quantified, and the quality was ascertained (optical density \[OD\] 260/280\>1.6) using NanoDrop (Eppendorf, USA). A total of 1 µg RNA was reverse-transcribed to synthesize complementary DNA (cDNA) using iScript™ cDNA Synthesis Kit (Bio-Rad, USA). Reverse transcriptase--polymerase chain reaction (RT-PCR) and semiquantitative gene expression analysis was carried out using Real-Time PCR system (Bio-Rad) with SsoFast™ EvaGreen^®^ Supermix (Bio-Rad) and canine-specific primers ([Table S1](https://www.dovepress.com/get_supplementary_file.php?f=122945.pdf)) for the apoptosis-associated genes Bcl-2-associated X protein (*BAX*), Caspase-3 (*CASP3*), Caspase-8 (*CASP8*), and Caspase-9 (*CASP9*). The endogenous housekeeping control gene was considered as the glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*).

The thermal cycling condition comprised an initial denaturation at 95°C (30 seconds), followed by 40 cycles at 95°C (5 seconds), annealing, and extension (temperature and duration variable for the different genes). Melting curves were generated at the end of 40 cycles to verify the purity of the PCR product. Each PCR product was size-fractionated by 2% agarose gel electrophoresis, and the bands were visualized with a UV transilluminator (Bio-Rad). Data were obtained as average cycle threshold (*C*T) values and normalized against housekeeping control. Expression changes of different transcripts were measured as fold change with respect to cells cultured on control plate without any scaffolds using the method proposed by Pfaffl.[@b43-ijn-12-3235]

### Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining and flow cytometry

Annexin V-FITC/PI Apoptosis Detection Kit (BioVision, USA) was used for the flow cytometry assay to quantify the apoptotic and necrotic cells on Days 4 and 6 of culture. This test was followed as per the manufacturer's instruction by flow cytometry (FACS Calibur; BD Biosciences, USA) using the FITC signal detector (FL1) and by PI staining using the phycoerythrin emission signal detector (FL2). Data were analyzed by recording 5,000 events with Cell Quest Pro software (BD Biosciences) ([Figure S1A](https://www.dovepress.com/get_supplementary_file.php?f=122945.pdf)).

In vitro differentiation of canine MSCs on CNT films
----------------------------------------------------

Sterile CNT films were placed in 12-well tissue culture plates. Canine MSCs at P4 were cultured at a plating density of 5×10^3^ cells/cm^2^ and the culture wells without any film were considered as control. The culture plates were maintained in standard DMEM for 3 days in an incubator at 37°C in a humidified atmosphere of 5% CO~2~ before changing into differentiation media. We denote the day when the cells were switched to differentiating medium as the Day 0 time point.

Osteogenic induction was accomplished using DMEM-LG (Gibco) supplemented with 10% FBS (Gibco), 50 µg/mL ascorbic acid, 10 mM β-glycerophosphate, 10 nM dexame-thasone (all from Sigma), and antibiotics. Cells were cultured for 21 days, and the medium was changed every third day.

To promote chondrogenic differentiation, cells were incubated in media containing DMEM--LG (Gibco) supplemented with 10% FBS (Gibco), 100 nM dexamethasone, 50 µM ascorbic acid-2 phosphate, 1 mM sodium pyruvate, 10 ng/mL transforming growth factor beta 1 (TGF-β1), 1% insulin, human transferrin, and insulin-transferrin-selenium (ITS) premix (all from Sigma), and antibiotics. The medium was changed every third day, and cells were maintained for 21 days.

For neuronal differentiation, cells were plated at a density of 1×10^5^/cm^2^ and were maintained for up to 2 days in DMEM before changing into differentiation media. The differentiation protocol followed was as per Woodbury et al.[@b44-ijn-12-3235] Twenty-four hours prior to neuronal induction, the medium was replaced with preinduction medium containing DMEM--LG (Gibco), 20% FBS (Gibco), and 1 mM β-mercaptoethanol (BME, Sigma). To initiate neuronal differentiation, the medium was replaced with induction medium composed of DMEM--LG and 2 mM BME and maintained for another 6 days. Images were taken at different time points by a phase contrast microscope (Olympus, Japan).

### Cytochemical staining

Cytochemical staining by Alizarin Red (0.2% solution, pH 4.1; Sigma) was carried out after 21 days of osteogenic differentiation by fixing cells with 4% PFA for 30 minutes and staining for 1 hour at room temperature in darkness. Unbound stain was washed off with distilled water. Similarly, Alcian Blue staining (in 0.3% acetic acid, pH 2.5; Sigma) was carried out after 21 days of chondrogenic differentiation by fixing the cells with 4% PFA for 30 minutes and staining for 30 minutes at room temperature. Unbound stain was washed off with PBS. Accumulation of mineralized calcium nodules and blue-colored proteoglycan was visualized for osteogenesis and chondrogenesis, respectively, and imaged by a phase contrast microscope (Olympus).

### Relative expression of differentiation-associated genes

Total RNA was extracted and cDNA was prepared from the samples on Days 14 and 21 for both osteogenic and chondrogenic differentiations, as well as 6 days after induction in the case of neuronal differentiation. RT-PCR and semi-quantitative gene expression analysis for the respective differentiation process was carried out using the Real-Time PCR System (Bio-Rad) with canine-specific primers ([Table S1](https://www.dovepress.com/get_supplementary_file.php?f=122945.pdf)) for the following: bone marker genes: osteocalcin (*OCN*), osteopontin (*OPN*), and collagen type I alpha 1 (*Col IA1*); chondrogenesis marker genes: collagen type II alpha 1 (*Col 2A1*), aggrecan (*ACAN*), and SRY-box 9 (*SOX9*); and neuronal marker genes: tubulin beta 3 class III (*TUBB3*), microtubule-associated protein 2 (*MAP2*), nestin (*NES*), and neural cell adhesion molecule (*NCAM*). The endogenous housekeeping control gene considered was *GAPDH*. Thermal cycling, generation of melting curves, and size-fractionation of PCR products were done as per previously mentioned protocols. Data were obtained as average *C*T values and normalized against housekeeping control. Expression changes of different transcripts were measured as fold change with respect to cells differentiated on control plates without any scaffolds, using the method proposed by Pfaffl.[@b43-ijn-12-3235]

### Immunocytochemical staining

Immunocytochemistry was used to detect osteocalcin and aggrecan localization in control and scaffolds after 21 days of osteogenic and chondrogenic differentiations, respectively. Likewise, cells were also immunostained by neural-specific markers β-III tubulin and MAP2 after 6 days of neuronal induction. Cells were fixed, permeabilized, and blocked as mentioned earlier and incubated with Alexa Fluor 488-conjugated rabbit polyclonal anti-osteocalcin (1:100; Biospes, China) overnight at 4°C. Similarly, overnight incubations at 4°C with the antibodies rabbit polyclonal anti-aggrecan (1:100; Biospes), mouse monoclonal anti-β-III tubulin (1:100; Santa Cruz, USA), and mouse monoclonal anti-MAP2 (1:100; Santa Cruz) were followed by 4 hour incubation with iFluor^®^ 488-conjugated anti-rabbit (1:200; Biospes), FITC-conjugated anti-mouse (1:200; Santa Cruz), and Alexa Fluor 594-conjugated anti-mouse (1:200; Invitrogen) secondary antibodies, respectively, at room temperature in darkness. After PBS washing, the coverslips were mounted on glass slides with DAPI ProLong Gold antifade solution (Invitrogen). All images were obtained using the same photographic parameters of exposure and speed in an inverted fluorescence microscope (Carl Zeiss) with Axio Vision 4.0 image analysis system.

### Flow cytometry assay

Flow cytometry was done to determine the percentage of osteocalcin- and aggrecan-positive cells in the control and treatment groups after 21 days of osteogenic and chondrogenic differentiations, respectively, and β-III tubulin-positive cells after 6 days of neuronal induction. Cells were harvested and immunostained by incubation with the same set of antibodies used for immunocytochemistry, washed with PBS, and analyzed in flow cytometer (FACS Calibur, BD Biosciences). Instrument settings were established using unstained cells. Cells were gated by forward scatter to eliminate debris. To eliminate the possible autofluorescence of canine MSCs, the contribution of unstained cells was removed in FITC signal detector (FL1) channel. Data were analyzed by Cell Quest Pro software (BD Biosciences) ([Figure S1B](https://www.dovepress.com/get_supplementary_file.php?f=122945.pdf)).

Statistical analysis
--------------------

All quantitative cellular experiments were run in triplicate. Data were expressed as mean ± standard error of the mean and analyzed with one-way analysis of variance (ANOVA), followed by Duncan's post hoc test (SPSS Inc, USA). Statistical significance was considered at *P*\<0.05.

Results and discussion
======================

Isolation and characterization of canine MSCs
---------------------------------------------

In this study, a population of cells was isolated from canine bone marrow and expanded in vitro. Approximately 4 days after seeding, cells started to attach to the polystyrene-coated plastic surface and proliferated. Initially, cells with differing morphologic features were observed in culture, consisting of loosely attached rounded cells and tightly attached spindle-shaped cells. During expansion, rounded cells were removed during washing and spindle-shaped cells became predominant, which further flattened to assume a fibroblastic appearance during third passage. Expanded cells in the fourth passage appeared morphologically homogeneous ([Figure 1A](#f1-ijn-12-3235){ref-type="fig"}). In immunocytochemical analysis, cells were positive for the pluripotency markers Oct 3/4 and Nanog, as well as the MSC-specific surface markers CD105, CD90, and CD73 ([Figure 1B](#f1-ijn-12-3235){ref-type="fig"}). Fluorescence-activated cell sorting (FACS) revealed that the cells were positive for CD105 (97.45%), CD90 (93.46%), and CD73 (97.70%). In contrast, the majority of the cells were negative for the hematopoietic cell marker CD45 (0.46%), indicating that the cells of hematopoietic origin had been debarred at the time of the cell expansion process ([Figure 1C](#f1-ijn-12-3235){ref-type="fig"}). Cells were able to differentiate to osteocytes, chondrocytes, and adipocytes under standard in vitro differentiating conditions. Osteogenic differentiation was confirmed after 21 days by Alizarin staining, which showed prominent mineralized nodules on the culture substrate. Accumulation of proteoglycan was noticed by Alcian Blue staining after 21 days of chondrogenic differentiation. After 21 days, the lipid vacuoles in the adipogenic differentiated cells were stained red by Oil Red O staining ([Figure 1D](#f1-ijn-12-3235){ref-type="fig"}). Therefore, the cell population used in this study meets the minimal criteria to define multipotent MSCs.

Characterization of CNT thin films
----------------------------------

The physical appearance of all three varieties of CNT thin film scaffolds was observed by FESEM and AFM ([Figure 2](#f2-ijn-12-3235){ref-type="fig"}). The deposited CNTs formed a continuous mesh-like network over the coverslips. In higher magnification, it was found that the individual COOH-MWCNT bundles were well defined and formed a more uniformly homogeneous network throughout the coverslip, whereas the COOH-SWCNT and PEG-SWCNT bundles were not well separated and uniformly spread out.

Cellular behavior study
-----------------------

SEM and AFM images revealed that we were able to create nanoroughness or a nanofeature available for the cells to interact at the cell--material interface. To identify the effect of CNT topography on canine MSCs, different cellular behaviors such as the cell spreading area, morphological analysis, as well as cytoskeleton orientation were evaluated.

After seeding, the cells got attached and spread eventually in both control and CNT films, maintaining the fibroblastic morphology of MSCs ([Figure 3A](#f3-ijn-12-3235){ref-type="fig"}). After 4 days of culture, the cells on the CNT films became more spread out and exhibited elongated morphology composed of longer cytoplasmic projections visible with bright field microscopy, whereas the control displayed more polygonal morphology ([Figure 3B](#f3-ijn-12-3235){ref-type="fig"}). High-resolution SEM was conducted for better visualization of the morphological changes at the submicron level. The cells cultured on the untreated coverslips showed a less well-spread morphology than those on CNT films. Images at higher magnification confirmed the higher and more elongated occurrence of protrusive subcellular features on CNT films. In the case of control samples, the cell edge was characterized with less abundance of cytoplasmic projections and the presence of lamellipodia, in contrast to the extensive formation of filopodia on the cells over CNT films ([Figure 4A](#f4-ijn-12-3235){ref-type="fig"}). The result from the cell spreading area determination was found to be in accordance with our morphological analysis. Cells cultured over CNT substrates exhibited larger spreading area compared to the control up to Day 4 ([Figure 4B](#f4-ijn-12-3235){ref-type="fig"}). This might be due to the difference in the development of the focal adhesion points and cytoskeleton caused by the CNT network on the culture substrate. However, the difference in cell spreading area was reduced by Day 6 of culture, which might be the consequence of the confluence of cells on both the substrates due to the natural progression of mitotic division resulting in contact inhibition.[@b11-ijn-12-3235]

There are two forms of the actin machinery coexisting at the leading edge of most of the motile cells. Lamellipodia are designed for the persistent protrusion over a surface and form new cellular contacts, whereas filopodia are considered as the major sensory and exploratory tool in probing nano-features depending on cues of the environment.[@b45-ijn-12-3235] Human MSCs cultured over a thin film of CNTs showed the influence of CNTs on cellular morphology, with evidence of thin filopodial projection with better cell spreading.[@b11-ijn-12-3235],[@b46-ijn-12-3235] In our FESEM imaging, distinctly evidenced filopodia in the cells justified the availability of a nanoscale 3D surface for better cell spreading over the films, which correlates with the result of cell spreading area, wherein we found a significantly higher cell spreading area on CNT substrates. It has also been reported that cellular spreading is a critical factor for stem cell differentiation through mechanotransduction.[@b46-ijn-12-3235],[@b47-ijn-12-3235] In the next phase of our study, we noticed an enhanced differentiation of canine MSCs, which is assumed to be a consequence of surface-guided favorable cue leading to better cell spreading.

Immunocytochemical analysis was done to visualize the expression of F-actin cytoskeleton assembly. After culturing for 4 days, development of stress fiber bundles became more distinct, and these had parallel orientation with respect to each other in the cells of treatment groups compared to the control ([Figure 4C](#f4-ijn-12-3235){ref-type="fig"}). More prominent stress fibers visible on the films might be an indication of the cells' attempt to adapt to this nanoroughness of the rigid surface for better adhesion. Because of the biochemical and mechanical interactions between the cells and their environment, stress fiber abundance, structure, and organization are modulated; and cells assemble stress fibers when they encounter mechanical stress and/or force.[@b48-ijn-12-3235] As the cytoskeletons are designed principally to reinforce the cells against mechanical deformation, we speculate that the parallel entanglement of the actin filament network was formed to resist additional deformation of cells on the CNT substrates.[@b49-ijn-12-3235] From our overall observation, we hypothesize that stabilization of the submicron-level cellular processes such as filopodia as well as an organized orientation of stress filaments occurred when canine MSCs encountered a favorable topographical cue of CNT films.

Cytocompatibility of CNT films
------------------------------

The proliferative property of canine MSCs at various time points was determined by the MTT assay ([Figure 5A](#f5-ijn-12-3235){ref-type="fig"}). Increment of cell number at a steady level was noticed on the control and different films. However, canine MSCs proliferated at a slower rate on all types of CNT substrates compared to control. Cells on MWCNT film proliferated in a better way compared to SWCNT and PEG-SWCNT, and a nonsignificant difference was noticed at Day 6 with respect to control. Reduced rate of proliferation of stem cells from different origins and species is rather common on CNT substrates.[@b11-ijn-12-3235],[@b12-ijn-12-3235],[@b18-ijn-12-3235],[@b20-ijn-12-3235] Cells cultured on non-arranged CNT films may require more energy to adapt to the substrate; hence, this could reduce the cell proliferation rate.[@b50-ijn-12-3235],[@b51-ijn-12-3235] We suggest that the non-arranged environment of CNTs in these spray-coated thin films might be one of the factors for the reduced proliferation rate. We also speculate an early initiation of the differentiation process in these cells because hMSCs have been reported to show a reduced proliferation rate during the differentiation process on synthetic nanostructures as well as on CNT substrate.[@b46-ijn-12-3235],[@b52-ijn-12-3235] Although the rate of proliferation was slow, we could not find any decline of cell number over the study period, indicating that CNTs do not have profound toxic effect on canine MSCs.

In gene expression study, the relative expression of *BAX* was higher at the initial stage of the experiment but decreased later on; it was found to be significant in the PEG-SWCNT group. Initially, the relative expression of *CASP9* was significantly higher on all the CNT substrates but this was sustained till Day 6 only on COOH-SWCNT. Among the other apoptotic genes, the relative expression of *CASP8* and *CASP3* was never noticed to be significantly different on COOH-functionalized CNT films compared to control, whereas expression of these genes was always found to be moderately higher on PEG-SWCNT substrate. It is imperative to note that all these genes' expression level decreased on the CNT substrates as time progressed ([Figure 5B](#f5-ijn-12-3235){ref-type="fig"}). Caspases are a family of genes important for maintaining homeostasis through regulating cell death. Extrinsic apoptosis pathway is triggered by extracellular cues that activate *CASP8* and, subsequently, the executioner *CASP3*, whereas the intrinsic pathway is mediated through *CASP9* by the mitochondrial apoptosome.[@b53-ijn-12-3235] In this study, upregulation of *CASP8* was found to be nonsignificant on the scaffolds, indicating that the nanotopography did not influence the extrinsic pathway of apoptosis. The *CASP9* pathway is basically activated by a vast array of cellular stresses.[@b53-ijn-12-3235] The higher expression of *CASP9* on Day 4 might be due to the stress that the cells were handling while adapting to the surface or due to the internalization of CNTs.[@b13-ijn-12-3235] However, the expression level was reduced to a nonsignificant level on Day 6 on MWCNT films. It is also important to note that the expression of the executioner caspase, ie, *CASP3*, was always found to be nonsignificant compared to control, and that *BAX* expression was significantly reduced on MWCNT substrates at the later stages. We suggest that there might be some cellular antiapoptotic factors coactivated in this nanomaterial-based substrate culture system.

The extent of apoptosis was also evaluated by the quantification of apoptotic and necrotic cells by Annexin V--PI flow cytometry assay up to 6 days of culture. The result of this assay showed that the numbers of apoptotic and necrotic cells were always higher on the CNT substrates compared to control. However, it is essential to note that the total number of apoptotic and necrotic cells remained \<14% and few cells (\<1%) became necrotic irrespective of COOH-functionalization of CNT films. But, these quantities were noticed to be quite high in the PEG-functionalized group ([Figure 5C](#f5-ijn-12-3235){ref-type="fig"}). As evidenced in FESEM, less separation and nonuniformity of PEG-SWCNT bundles might be responsible such higher cell necrosis.

Similar to other nanomaterials, CNTs are rapidly approaching their targeted clinical use. However, it is difficult to broadly classify CNTs as "nontoxic" or "toxic" because their effects on cells are highly dependent on the application and cell type.[@b54-ijn-12-3235] In previous studies by Mooney et al,[@b13-ijn-12-3235] it has been shown that CNTs were less toxic when dispersed in hMSCs culture media and it was correlated by the authors with a similar study by Chin et al,[@b55-ijn-12-3235] who worked on HeLa cells. But Nagai et al[@b56-ijn-12-3235] claimed that the size of the CNTs is a factor for their cytotoxicity toward cells in suspended condition in culture media. However, the cytotoxicity of CNTs present in a scaffold is debatable. Giannona et al[@b57-ijn-12-3235] and a series of studies by Lobo et al[@b58-ijn-12-3235]--[@b61-ijn-12-3235] revealed that the CNT films and scaffolds were biocompatible with cultured cells because they were not endocytosed by the cells. Results found in this laboratory are promising in that COOH-MWCNT substrate provides an environment of low cytotoxicity.

In vitro differentiation study
------------------------------

Cell differentiation should be the critical evaluation point for biomaterials because it directly contributes to tissue repair. Cells in their natural microenvironment interact with ECM components in the nanometer scale.[@b62-ijn-12-3235] Therefore, nanoscaled biomaterials show a positive effect on cellular functions and differentiation of stem cells. We hypothesized that changing the nanoscale topography of the cell culture substrate by using different functionalized CNTs might modulate in vitro differentiation of canine MSCs.

### Osteogenic differentiation

We investigated the influence of carboxylated and pegylated CNTs on the osteogenic differentiation potential of canine MSCs. Alizarin Red staining was done on control and CNT films after 21 days of osteogenic induction. Difference in mineralized aggregates was noticed on CNT substrates. The number and size of nodules were higher and the color was also darker in the treatment groups. Apparently, these differences were more prominent on the COOH-MWCNT group ([Figure 6A](#f6-ijn-12-3235){ref-type="fig"}). We also detected the relative expressions of three representative bone marker genes *OCN*, *OPN*, and *Col IA1*. The analysis revealed that the expression level of the target genes on the CNT films was significantly upregulated in most of the cases. *OCN*, the marker for matured osteoblasts, reflected a five- to sixfold overexpression in the COOH-SWCNT group and \>20-fold increase on MWCNT substrate after 21 days when *OPN* and *Col IA1* were also found to be better expressed ([Figure 6B](#f6-ijn-12-3235){ref-type="fig"}). Since *OCN* was highly expressed after 21 days of differentiation, we immunostained these cells with anti-osteocalcin antibody for both control and CNT substrates to confirm the differentiation. Cells were positive for osteocalcin in the control and all the types of CNT films ([Figure 6C](#f6-ijn-12-3235){ref-type="fig"}). Flow cytometry was done to quantify the percentage of osteocalcin-positive cells and we could find a significantly higher population of positive cells on the COOH-functionalized CNT films ([Figure 6D](#f6-ijn-12-3235){ref-type="fig"}). The relative expression of osteogenic genes as well as flow cytometry findings indicated that the osteogenic differentiation on PEG-SWCNT films was moderately lower compared to COOH-functionalized CNT substrates.

The major phases occurring in osteogenesis have been well established[@b63-ijn-12-3235] and display a sequentially organized expression pattern of typical markers. *OCN* and *OPN* are the differentiated osteoblast-specific genes for mineralization of the bone matrix.[@b64-ijn-12-3235],[@b65-ijn-12-3235] These two genes were found to be overexpressed on the CNT substrates in our study period. Specifically, highly significant expression of *OCN* in COOH-functionalized CNT substrates indicated more mature osteoblastic cells. Greater number and size of mineralized nodules in Alizarin Red staining and higher percentage of osteocalcin-positive cells on the films in FACS are also in accordance with our gene expression study after 21 days. But we also noticed differences in *Col1A* expression during this osteogenic differentiation process. It is speculated that the presence of CNT, which mimics collagen fibrils, leads to a production of collagen, but this phenomenon is not desirable in osteogenic differentiation.

A possible explanation of the enhanced osteogenesis might be the stress on cells due to the topographical manipulation of the culture substrate by the CNT layer, leading to enhanced cell spreading and tensile strength of the actin filament.[@b66-ijn-12-3235]--[@b68-ijn-12-3235] Furthermore, it has been shown that the roughness of the underlying substrate influences spatial distribution and cell differentiation.[@b15-ijn-12-3235],[@b69-ijn-12-3235],[@b70-ijn-12-3235] Improved osteogenesis of MSCs from different sources is well established in most of the studies reported,[@b11-ijn-12-3235],[@b12-ijn-12-3235],[@b14-ijn-12-3235],[@b15-ijn-12-3235],[@b71-ijn-12-3235] but in one study,[@b50-ijn-12-3235] osteogenic differentiation of mice bone marrow MSCs was reduced on MWCNT substrate. In our experiment, by overall observation, we theorized that COOH-MWCNT substrate acted as a better cue, accelerating the osteogenic differentiation process of canine MSCs.

### Chondrogenic differentiation

The capacity of canine MSCs to undergo chondrogenesis was assessed on control and CNT substrates. Chondrogenic differentiation was confirmed by Alcian Blue staining showing the accumulation of glycosaminoglycans (GAGs) on all the substrates. Although we have not quantified it, grossly no difference was noticed in staining between the control and treatment groups ([Figure 7A](#f7-ijn-12-3235){ref-type="fig"}). Time-dependent relative gene expression analysis of chondrogenic differentiation was performed using RT-PCR ([Figure 7B](#f7-ijn-12-3235){ref-type="fig"}). The expression of *ACAN* and *Col 2A1*, integral cartilage ECM components, was transient, reaching peak expression at Day 14 and decreasing thereafter in all the treatment groups. However, it is important to note that both these genes were found to be significantly upregulated on COOH-SWCNT substrate up to the end of the experiment, whereas in MWCNT, only *ACAN* was found to be significantly upregulated but the expression level was moderately low in comparison to the COOH-SWCNT substrate throughout the study. An initial higher expression of *SOX9* was noticed on COOH-SWCNT films. After 21 days of culture, immunostaining with anti-aggrecan antibody confirmed the chondrogenic differentiation on both control and CNT films ([Figure 7C](#f7-ijn-12-3235){ref-type="fig"}). Flow cytometry assay for the quantification of aggrecan-positive cells revealed a significant increase on COOH-SWCNT substrate. But, in the PEG-SWCNT film, a significantly less number of cells had been differentiated ([Figure 7D](#f7-ijn-12-3235){ref-type="fig"}).

Increased expression of *ACAN* and *Col 2A1*, two major chondrocyte-specific genes, on CNT films at the initial stage of the experiment, ie, Day 14, suggests that modification of surface topography by CNTs might have promoted ECM expression in the culture system. In an experiment, Chahine et al[@b72-ijn-12-3235] found that the surface coating of SWCNT regulates the biological response of chondrocytes and the charged nature of the COOH group increases *Col 2A1* expression. Scaffolds with SWCNT-based nanomaterial have greatly enhanced GAG synthesis and chondrogenic differentiation of hMSCs within 2 weeks.[@b17-ijn-12-3235] Applications of different biomaterials in chondrocyte tissue engineering show that soft fiber condition generally promotes greater degree of chondrogenesis and RGD (arginylglycylaspartic acid) density, an element for cellular recognition which is a critical regulator of this lineage commitment.[@b73-ijn-12-3235] CNT-coated coverslip is a rigid structure with lack of softness, which might have caused the decrease in gene expression during the latter half of the study. Mooney et al[@b13-ijn-12-3235] found a slight decrease of chondrogenesis of hMSCs when cultured in a CNT-suspended media. However, in our study, COOH-SWCNT enhanced chondrogenesis in a better way compared to other CNT substrates in terms of gene expression and aggrecan-positive cells.

### Neuronal differentiation

BME-induced neuronal differentiation process of canine MSCs caused rapid changes in their appearance, from fibroblastic to a more elongated morphology after 24 hours of preinduction ([Figure 8A](#f8-ijn-12-3235){ref-type="fig"}) and, subsequently, neuron-like characteristics with multiple branching in some cells after 6 days of induction ([Figure 8B](#f8-ijn-12-3235){ref-type="fig"}). Cells became less adherent to the culture flask, and there was a considerable reduction of the cell number during this differentiation process. Relative expressions of neuron-specific gene markers were evaluated after 7 days (including 24-hour preinduction) on both the control and CNT films. Expressions of *TUBB3* and *NCAM* were significantly increased on the COOH-functionalized substrates. Moreover, *MAP2* was also upregulated but the change was noticed to be significant only in the COOH-SWCNT group. Nestin (*NES*) expression on the COOH-functionalized substrates was found to be decreased compared to control, whereas it was significantly higher on PEG-SWCNT film ([Figure 8C](#f8-ijn-12-3235){ref-type="fig"}). The cells were positive for immunophenotypic expression of β-III tubulin and MAP2 on control and CNT substrates, confirming the differentiation ([Figure 9A and B](#f9-ijn-12-3235){ref-type="fig"}). Flow cytometry was done to quantify the percentage of β-III tubulin-positive cells, and a higher number of positive cells was found on the COOH-functionalized substrates ([Figure 9C](#f9-ijn-12-3235){ref-type="fig"}). At higher magnification, in immunofluorescence studies of both β-III tubulin and MAP2, more neurite-like branching was visible on the CNT films compared to control ([Figure 10](#f10-ijn-12-3235){ref-type="fig"}).

Neuronal differentiation of MSCs isolated from humans, rats, and mice has been reported by several investigators.[@b44-ijn-12-3235],[@b74-ijn-12-3235],[@b75-ijn-12-3235] Canine MSCs naturally express some of the neural markers[@b76-ijn-12-3235] and show neuronal differentiation potentiality when isolated from various sources such as adipose tissue,[@b77-ijn-12-3235] amniotic fluid,[@b78-ijn-12-3235] and bone marrow.[@b79-ijn-12-3235] CNTs have been studied as culture substrates to support neuron growth and differentiation basically due to their electrical conductivity as well as their nanotopographical feature creating tight contacts with neuron membranes, leading to electrical shortcuts.[@b80-ijn-12-3235],[@b81-ijn-12-3235] It has also been noticed that human and rat bone marrow-derived MSCs can spontaneously differentiate into neuronal lineage on CNT substrates.[@b16-ijn-12-3235],[@b82-ijn-12-3235]

β-III Tubulin, a major component of microtubules, is exclusively found in neural cells; MAP2 is a mature neuron marker believed to be essential for the formation of neurites, and NCAM is expressed on most neuroectodermal-derived cell lines and tissues.[@b77-ijn-12-3235],[@b83-ijn-12-3235],[@b84-ijn-12-3235] Herein, neuronal induction of the cells showed neuron-like morphology, with multiple neurite-like branches, and cells were immunopositive for β-III tubulin and MAP2, indicating that the canine MSCs had differentiated into mature neurons both in control and on the CNT substrates. The expression profiles of these three genes (*TUBB3*, *MAP2*, and *NCAM*) indicated an enhanced differentiation of canine MSCs into mature neurons on the COOH-functionalized CNT films. Flow cytometry findings of higher percentage of β-III tubulin-positive cells on COOH-functionalized CNT films were in accordance with the gene expression study. Nestin (NES) is an intermediate filament protein, considered as a transient neurogenic marker of neuronal precursor stem cells.[@b85-ijn-12-3235] It is well established that expression of *NES* decreases with neuronal maturation, which was also evident in canine MSCs while differentiating into neurons.[@b77-ijn-12-3235],[@b86-ijn-12-3235] In the current experiment, *NES* expression decreased on both the COOH-functionalized CNT films, indicating that cells have differentiated into more mature neurons. Interaction of neuron and its microenvironment, as well as the conductivity of CNTs, makes the culture substrate more preferable for neurite branching.[@b87-ijn-12-3235] We have also observed a better neurite branching of the differentiated cells on the CNT substrates. The overall neuronal differentiation results of this study indicate that the COOH-functionalized CNT topography might be the dominating factor for better neuronal differentiation of canine MSCs.

Conclusion
==========

Nanostructures with suitable chemical and biological cues could serve as a platform to support the proliferation and differentiation of MSCs. In this study, we evaluated the effect of three different varieties of CNT films on canine bone marrow-derived MSCs as an in vitro cellular model. CNT films induced some morphological changes along with slower proliferation rate of the cells. COOH-MWCNT substrate was found to be more cytocompatible with respect to proliferation and apoptosis studies. This study also illustrated that, by subjecting canine MSCs to appropriately selected functionalized CNTs, it is possible to propel the targeted differentiation. The results suggest that COOH-MWCNT and COOH-SWCNT acted as better cues for osteogenic and chondrogenic differentiation, respectively, while both promoted neuronal differentiation. To our knowledge, this study is the first to report the collective cellular behavior and multiple lineage-specific differentiation of canine bone marrow-derived MSCs on the thin film scaffolds of CNTs; moreover, emphasis has also been given to the cytocompatibility of these fabricated culture substrates. The findings of this study, together with ongoing research on other species, will lead to better understanding of MSC behavior and differentiation, which is crucial for the development of functional tissue on CNT-based scaffolds; furthermore, canine MSCs may be used as a future experimental model in stem cell-based regenerative medicine.
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![Characterization of canine bone marrow-derived MSCs.\
**Notes:** (**A**) Morphology of canine MSCs. (a) P0 after seeding and (b) P4 in confluence; scale bar: 100 µm (inset: 50 µm). (**B**) Immunofluorescence staining of MSC-specific surface markers (positive for CD105, CD90, and CD73 and negative for CD45) and pluripotency markers (Oct3/4, Nanog). Scale bar: 50 µm. (**C**) Immunophenotyping of canine MSCs at P4. Values represent the mean percentage of positively stained cells as analyzed by flow cytometry. (**D**) Potential of canine MSCs to differentiate into mesodermal lineages. (a) osteocytes (Alizarin Red staining), (b) chondrocytes (Alcian Blue staining), and (c) adipocytes (Oil Red O staining). Scale bar: 50 µm.\
**Abbreviations:** CD, cluster of differentiation; DAPI, 4′,6-diamidino-2-phenylindole; MSC, mesenchymal stem cell; Nanog, unique homeobox transcription factor; Oct, octamer-binding transcription factor; P0/4, passage 0/4.](ijn-12-3235Fig1){#f1-ijn-12-3235}

![Characterization of CNT thin films.\
**Notes:** (**A**) FESEM images (inset: higher magnification); (**B**) AFM images (horizontal scale bar: 400 nm) of three types of CNT films.\
**Abbreviations:** AFM, atomic force microscopy; CNT, carbon nanotube; FESEM, field emission scanning electron microscopy; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig2){#f2-ijn-12-3235}

![Canine MSCs cultured on CNT films.\
**Notes:** (**A**) Phase contrast light microscopy images of confluent P4 cells on control and CNT films. Scale bars: 100 µm. (**B**) Bright field images of subconfluent P4 cells on control and CNT films. Scale bars: 50 µm. Cells in control show more polygonal morphology (circles), while cells exhibited more elongated morphology with subcellular features of longer lamellipodia and filopodia (arrows) on the CNT substrates.\
**Abbreviations:** CNT, carbon nanotube; MWCNT, multiwalled CNT; SWCNT, single-walled CNT; MSCs, mesenchymal stem cells; P4, passage 4; PEG, polyethylene glycol.](ijn-12-3235Fig3){#f3-ijn-12-3235}

![Cellular behavior on CNT substrates.\
**Notes:** (**A**) SEM observation of canine MSCs on (a) control and (b) CNT films after 4 days of culture. Insets show the magnified view of the cell boundary. In the control, cytoplasmic projections were less abundant and presence of lamellipodia at the edges of cells was visualized. In CNT film, a higher occurrence of nanosized filopodia suggests that CNT substrate exerts its influence on canine MSC morphology. (**B**) Cell spreading area on control and CNT films at different time intervals. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, on a particular day. The results are the mean ± standard error of the mean of triplicate experiments (n=30). (**C**) Alexa Fluor 680-conjugated phalloidin-labeled F-actin (red), DAPI nuclear staining (blue), and merged fluorescence images of immunostained cellular components of canine MSCs cultured on control and different CNT films on Day 4. Scale bars: 20 µm.\
**Abbreviations:** CNT, carbon nanotube; DAPI, 4′,6-diamidino-2-phenylindole; MSC, mesenchymal stem cell; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SEM, scanning electron microscopy; SWCNT, single-walled CNT.](ijn-12-3235Fig4){#f4-ijn-12-3235}

![Cytocompatibility of CNT films.\
**Notes:** (**A**) Cell proliferation assay (MTT assay) of canine MSCs cultured on control and different CNT films up to Day 6. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, on a particular day. The results are the mean ± standard error of the mean of triplicate experiments. (**B**) Relative expression of apoptosis-associated genes in canine MSCs cultured on control and different CNT films. Results normalized to *GAPDH* relative to control. Dashed line indicates values of target genes in control conditions. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, for a target gene. (**C**) Flow cytometry assay of early apoptotic, late apoptotic, and necrotic canine MSCs (percentage of cells) cultured on control and different CNT films for a period up to 6 days. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, at an individual stage of apoptosis on a particular day.\
**Abbreviations:** CNT, carbon nanotube; *GAPDH*, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stem cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig5){#f5-ijn-12-3235}

![Induced osteogenic differentiation of canine MSCs on CNT films.\
**Notes:** (**A**) Representative images of Alizarin Red staining after 21 days of osteogenic differentiation in control and different CNT films. The size and darkness of mineralized nodules were higher on CNT substrates compared to control. Scale bars: 100 µm. (**B**) Relative expression of bone marker genes of canine MSCs differentiated on control and different CNT films. Results normalized to *GAPDH* relative to control. Dashed line indicates values of target genes in control conditions. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, for a target gene. The results are the mean ± standard error of the mean of the triplicate experiments. (**C**) Immunofluorescence of osteocalcin-positive cells (green), DAPI nuclear staining (blue), and merged fluorescence images on control and CNT films after 21 days. Scale bars: 50 µm. (**D**) Flow cytometry assay of osteocalcin-positive cells (percentage) after 21 days of osteogenic differentiation on control and different CNT films. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively. The results are the mean ± standard error of the mean of the triplicate experiments.\
**Abbreviations:** CNT, carbon nanotube; DAPI, 4′,6-diamidino-2-phenylindole; *GAPDH*, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stem cell; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig6){#f6-ijn-12-3235}

![Induced chondrogenic differentiation of canine MSCs on CNT films.\
**Notes:** (**A**) Representative images of Alcian Blue staining after 21 days of chondrogenic differentiation on control and different CNT films. Scale bar: 100 µm. (**B**) Relative expression of chondrogenesis marker genes of canine MSCs differentiated on control and different CNT films. Results normalized to *GAPDH* relative to control. Dashed line indicates values of target genes in control conditions. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, for a target gene. The results are the mean ± standard error of the mean of the triplicate experiments. (**C**) Immunofluorescence of aggrecan-positive cells (green), DAPI nuclear staining (blue), and merged fluorescence images on control and CNT films after 21 days. Scale bars: 50 µm. (**D**) Flow cytometry assay of aggrecan-positive cells (percentage) after 21 days of chondrogenic differentiation on control and different CNT films. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively. The results are the mean ± standard error of the mean of the triplicate experiments.\
**Abbreviations:** CNT, carbon nanotube; DAPI, 4′,6-diamidino-2-phenylindole; *GAPDH*, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stem cell; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig7){#f7-ijn-12-3235}

![Induced neuronal differentiation of canine MSCs on CNT films.\
**Notes:** (**A**) Morphological changes after 24 hours of preinduction. Scale bars: 50 µm. (**B**) Morphological changes after 6-day induction for neuronal differentiation on the control and different CNT films. Scale bars: 20 µm. (**C**) Relative expression of neuronal marker genes of canine MSCs differentiated on control and different CNT films. Results normalized to *GAPDH* relative to control. Dashed line indicates values of target genes in control conditions. The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively, for a target gene. The results are the mean ± standard error of the mean of the triplicate experiments.\
**Abbreviations:** CNT, carbon nanotube; *GAPDH*, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stem cell; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig8){#f8-ijn-12-3235}

![Immunofluorescence and flow cytometry results of canine MSCs after neuronal differentiation on control and CNT films after 7 days.\
**Notes:** Immunofluorescence of (**A**) β-III tubulin-positive cells (green) and (**B**) MAP2-positive cells (red), DAPI nuclear staining (blue), and merged fluorescence images. Scale bars: 20 µm. (**C**) Flow cytometry assay of β-III tubulin-positive cells (percentage). The symbols \* and ^\#^ indicate significance (*P*\<0.05) with respect to control and between the films, respectively. The results are the mean ± standard error of the mean of the triplicate experiments.\
**Abbreviations:** *GAPDH*, glyceraldehyde 3-phosphate dehydrogenase; MSC, mesenchymal stem cell; DAPI, 4′,6-diamidino-2-phenylindole; CNT, carbon nanotube; MWCNT, multiwalled CNT; PEG, polyethylene glycol; SWCNT, single-walled CNT.](ijn-12-3235Fig9){#f9-ijn-12-3235}

![Morphological differences in (**A**) β-III tubulin-positive cells and (**B**) MAP2-positive cells by immunofluorescence on control and CNT films at higher magnification.\
**Notes:** Scale bars: 2 µm. More neurite-like branches are visible on the CNT films compared to control.\
**Abbreviations:** CNT, carbon nanotube; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-12-3235Fig10){#f10-ijn-12-3235}
